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Addition  of  Alternate  Phase  Nanoparticle  Dispersions 
to  Enhance  Flux  Pinning  of  Y-Ba-Cu-0  Thin  Films 

Timothy  J.  Haugan,  Member,  IEEE,  Paul  N.  Bames,  Timothy  A.  Campbell,  Julianna  M.  Evans,  Joseph  W.  Kell, 
Lyle  B.  Brunke,  John  R  Murphy,  Chakrapani  Varanasi,  Iman  Maartense,  Winnie  Wong-Ng,  and  Lawrence  R  Cook 


Abstract — Nanoparticle  dispersions  of  various  phases  were 
added  to  YBa2Cu3  07_x  (YBCO  or  123)  thin  films  by  mul¬ 
tilayer  pulsed  laser  deposition,  to  determine  their  effect  on 
fiux  pinning.  The  different  pinning  materials  examined  include 
Y2BaCu05  (Y211  or  green-phase),  La2BaCu05  (La211  or 
brown-phase),  Y203,Ce02,  and  MgO,  with  lattice  constant  mis¬ 
matches  varying  from  0.5%  to  12%  with  respect  to  YBCO.  Y211 
and  Y2  O3  provided  significant  pinning  increases  at  temperatures 
of  65  K  and  77  K,  however  other  phases  provided  enhancements 
only  at  65  K  (for  Ce02  and  La211)  for  limited  range  of  applied 
field  strengths.  An  interesting  correlation  between  Tc  transition 
widths  and  pinning  strengths  was  observed.  The  additions  pro¬ 
duced  markedly  different  nanoparticle  and  film  microstructures, 
as  well  as  superconducting  properties. 

Index  Terms — Flux  pinning,  high  temperature  superconductor, 
nanoparticle,  YB  a2  C  U3  O  7  _x  thin  film. 


1.  Introduction 

The  DEVELORMENT  of  high  temperature  supercon¬ 
ductor  YBa2Cu307_^  (YBCO  or  123)  thin  films  on 
polycrystalline  substrates  (coated  conductors)  with  a  critical 
current  density  (Jc)  >  1  MA/cm^  offers  great  promise  for 
incorporation  into  power  applications  such  as  generators  or 
motors,  operating  at  77  K  [l]-[5].  YBCO  has  excellent  proper¬ 
ties  at  77  K  including  high  Jc(77)  due  to  strong  fiux  pinning. 
However  it  is  of  interest  to  increase  Jc(^)  even  further  to 
increase  wire  performance  and  reduce  production  costs  [1],  [2]. 
Eor  type-II  superconductors,  it  is  known  that  fiux  pinning  can 
be  increased  by  incorporating  a  high  density  of  extended  non¬ 
superconducting  defects  into  the  material  [2]-[4].  The  defect 
size  should  be  approximately  the  coherence  length  ~(2-4)  nm 
at  (4.2-77)  K  to  maximize  pinning  [2]-[4]. 

Rreviously,  we  have  added  near-uniform  dispersions  of  nano¬ 
size  particles  to  YBCO  by  deposition  of  (X/123)  x  N  mul¬ 
tilayer  films  (X  =  Y211,  Y2O3  or  Ce02  =  0.2  —  2.0  nm 
thick,  123  =  10  —  30  nm  thick)  [6]-[ll].  With  this  depo¬ 
sition  method  nanoparticles  form  by  the  island-growth  mech¬ 
anism  and  can  be  coherently  embedded  in  a  superlattice-type 
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TABLE  I 

Physical  Properties  oe  Pinning  Agents 


Phase 

Crystal  Type 

Lattice  mismatch* 

Nanoparticle 

Shape 

Y2BaCu05 

tetragonal 

+4%  to -7%  ** 

hockey-puck 

Y2O3 

cubic 

-2.5%  *** 

Ce02 

cubic 

-0.5%  *** 

monolayer 

MgO 

cubic 

+  9.6% 

La2BaCu05 

tetragonal 

+5%  to -12% 

*  Using  lattice  parameter  of  YBCO  (a,b)avg  =  3.845  A. 
**  h-axis  orientation  predominant  growth  [6]. 

***  Lattice  constant  =  a/(V2). 


Structure  with  sizes  as  small  as  ~8  nm,  and  areic  number  den¬ 
sities  estimated  >  4  x  10^^  particles/cm^  [6].  Significant  in¬ 
creases  of  transport  Jc(^)  up  to  3x  were  measured  at  77  K  for 
additions  of  Y211  nanoparticles  [6].  This  and  similar  experi¬ 
ments  with  BaZrOg  +  YBCO  films  demonstrate  that  disper¬ 
sions  of  point-like  defects  can  significantly  increase  fiux  pin¬ 
ning  [5],  [6].  Despite  these  recent  experimental  results,  there  are 
many  questions  remaining  concerning  the  fiux  pinning  mech¬ 
anisms  and  how  point-defects  can  be  implemented  in  YBCO. 
Some  of  the  questions  include  what  is  the  maximum  Jc(77)  that 
can  be  achieved,  what  types  of  nanoparticles  are  effective,  are 
there  stress  or  lower  Tc  regions  surrounding  the  nanoparticles 
that  assist  in  pinning,  what  is  the  relation  between  volumic  or 
areic  number  densities  to  pinning  strengths,  and  others. 

In  this  paper,  general  questions  about  dispersion  pinning  are 
explored  by  comparing  multilayer  deposition  of  different  pin¬ 
ning  materials,  including  Y211,Y203,  Ce02  MgO,  and  La211. 
La211  and  Nd211  are  referred  to  as  ‘brown-phase’  because  of 
their  color,  compared  to  other  rare-earth  (RE)  211  compounds 
which  are  green  [12].  Each  of  these  phases  has  unique  materials 
properties  (Table  I)  that  can  affect  the  epitaxial  growth  and  fiux 
pinning  enhancements.  Other  factors  such  as  the  chemical  na¬ 
ture  or  compatibility  of  epitaxial  bonding  were  not  considered  at 
this  time.  As  will  be  concluded,  the  lattice  mismatch  and  chem¬ 
ical  compatibility  of  the  phases  are  important  factors  that  affect 
the  film  microstructure  and  superconducting  properties. 

II.  Experimental  Rrocedures 

Multilayer  (X  —  phase/123)  x  N  and  123-only  films  were 
deposited  onto  LaAlOg  (LAO)  and  SrTi03  (STO)  100  ori¬ 
ented  single  crystal  substrates  by  pulsed  laser  deposition  (RED), 
using  parameters  and  conditions  described  in  detail  previously 
[6]-[12].  Deposition  parameters  were  248  nm  laser  wavelength, 
~  3.2  J/cm^  laser  fiuence,  4  Hz  laser  repetition  rate,  6  cm 
target- to- substrate  distance,  780°  C  heater  block  temperature, 
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Fig.  I.  Ultra-high  resolution  SEM  micrographs  at  lOOOOOx  magnification  of  (X/123)  x  N  multilayer  film  surfaces.  Insulating  phases  are  (white 
or  lighter)  color  from  enhanced  surface  charging  and  emission  of  imaging  electrons:  (b)  average  particle  size  ~13  nm,  (c)  average  particle  size 
~15  nm.  (a)  (Ce02  1.2  nm/l23l5.6  nm)  X  24/STO;  (b)  (Y2O3  1.36  nm/1239.9  nm)  X  28/STO;  (C)  (Y211i.2nm/I23l3.9nm)  X  25/STO;  (d) 
(MgOi.2nm/12  3  20  nm)  X  19/STO;(e)  (La211i.25nm/I23ii.9nm)  X  27/LAO. 

(85-90)%  dense  targets,  300  mTorr  oxygen  partial-pressure,  was  decreased  to  750° C  to  reduce  formation  of  ~micron-sized 
and  a  post-deposition  anneal  at  500°  C  and  1  atmosphere  of  defects  presumed  to  be  BaCeOs  from  chemical  reactions  at 
oxygen  [13].  For  Ce02  depositions,  the  heater  temperature  780° C  heater  temperature.  An  automated  target  rotation  and 
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pulse-triggering  system  was  used  to  control  the  deposition 
sequences,  with  a  period  of  about  13  seconds  during  which  the 
deposition  was  stopped  and  different  targets  were  rotated  into 
position.  The  deposition  rate  for  each  pinning  material  was 
calibrated  prior  to  multilayer  deposition.  The  ‘pseudo-layer’ 
thickness  in  the  multilayer  films  was  calculated  assuming 
smooth  continuous  film  coverage,  although  the  layer  in  some 
cases  consisted  of  discontinuous  and  discrete  nanoparticles. 
The  total  film  thickness  was  kept  in  the  range  of  (250-350) 
nm  to  provide  consistent  comparisons,  unless  noted  otherwise. 
The  film  thickness  of  every  sample  was  measured  multiple 
times  across  acid-etched  step-edges  with  a  profilometer 
(KLA-Tencor,  PI 5),  to  obtain  an  average  value. 

The  superconducting  transition  temperature  (Tc)  was  mea¬ 
sured  using  an  AC  susceptibility  technique  with  the  amplitude 
of  the  magnetic  sensing  field,  h,  varied  from  0.025  Oe  to  2.2  Oe, 
at  a  frequency  of  approximately  4  kHz.  Note  that  the  AC  sus¬ 
ceptibility  technique  provides  information  about  primary  and 
secondary  transitions  of  the  entire  film,  rather  than  a  defined 
path  that  is  obtained  with  transport  Tc  measurements.  Magnetic 
Jc  measurements  were  made  with  a  vibrating  sample  magne¬ 
tometer  (VSM)  in  fields  of  0  to  9  T,  and  a  ramp  rate  of  about 
9,000  (A/m  •  s).  The  Jc  of  the  square  samples  was  estimated 
using  a  simplified  Bean  model  Jc  =  15AM/R,  where  M  is 
magnetization/volume  from  M  —  H  loops,  and  R  is  the  radius 
of  volume  interaction  =  square  side  for  consistency  [7].  Charac¬ 
terization  of  microstructures  was  performed  with  scanning  elec¬ 
tron  microscopy  primarily  in  ultra-high  resolution  mode  (SEM, 
FEI-Sirion). 

III.  Results 

The  effect  of  nanosize  additions  on  the  microstructural  and 
superconducting  properties  are  described  in  the  following. 

A.  Micro  structures 

The  microstructures  of  the  film  surfaces  for  the  varying  nano¬ 
size  additions  are  shown  in  Fig.  1(a)  to  Fig.  1(e),  in  order  of 
increasing  lattice  constant  mismatch.  The  films  showed  unique 
features  for  each  material  system.  A  general  trend  was  observed 
that  as  the  lattice  mismatch  was  increased  from  0.5%  to  7% 
(e.g.  Ce02  to  Y21 1),  the  surface  area  coverage  of  the  insulating 
phase  decreased.  While  this  trend  is  expected  from  island-for¬ 
mation  nucleation  mechanisms,  other  factors  including  chem¬ 
ical  reactivity  could  affect  the  surface  coverages.  Cross-sec¬ 
tional  TEM  images  of  Ce02  and  Y21 1  films  showed  similar  mi¬ 
crostructures  as  SEM  for  the  insulating  phase;  e.g.  nearly  mono- 
layer  fiat  ~50  nm-wide  platelets  for  Ce02  multilayer  films, 
compared  to  8-nm  sized  particles  for  Y21 1  multilayer  films. 

Film  surfaces  in  Fig.  1  were  also  presumably  affected  by  in¬ 
creased  coalescence  and  ripening,  as  the  top-layers  were  at  tem¬ 
peratures  >  750°  C  typically  about  10  minutes  before  subse¬ 
quent  cooling.  Particle  sizes  for  21 1  were  typically  about  2  times 
larger  diameter  on  the  surface,  than  observed  on  the  inside  layers 
[6]. 

Some  of  the  notable  features  in  Fig.  1  were  for  MgO  and 
Fa211  multilayer  films  which  showed  enhanced  nano-rod  and 
nanoparticle  formation  (MgO)  or  none  at  all  (Fa211).  For 
MgO  the  increased  surface  coverage  for  similar  ‘pseudo-layer’ 
thickness  suggests  a  chemical  reaction  is  occurring,  assuming 
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Fig.  2.  Superconducting  {x")  transitions  at  2.2  Oe  for  (X/123)  x  N 
multilayer  films:  (Y211o.56  nm/123ii.4  nm)  x  21 /LAO, 

(Y203,o.6  nm/l23io  nm)  X  29/STO,  ( Ce0  2  0 .24  nm /  1  2 3  16 .3  nm)  X 

25/STO,  (La211i.2nm/123n.7nm)  X  27/LAO, 

(MgO,.0^^/12320.4  nm)  X  19/STO,  aud  123/LAO. 

the  nano-rod  particle  heights  are  similar  as  for  Y2O3  and  Y21 1 
nanoparticles.  Fa211  multilayer  films  also  showed  signs  of 
cracking  throughout  the  film.  Very  wide  Tc  transitions  for  these 
materials  were  measured  (Fig.  2)  which  strongly  suggest  there 
were  chemical  reactions  occurring  to  reduce  the  Tc  and  disturb 
other  microstructural  properties. 

B.  Superconducting  Properties 

The  effect  of  nanosize  additions  on  superconducting  transi¬ 
tions  are  shown  in  Fig.  2.  The  transitions  in  Fig.  2  were  repre¬ 
sentative  of  the  (X/123)  X  N  films,  with  the  onsets  and  widths 
typically  varying  by  about  1  K  for  similar  samples. 

Transition  widths  for  Y2O3  and  Y211  multilayer  films  were 
comparable  to  123  films,  and  the  onset  temperatures  were  only 
slightly  lower  by  about  (1-2)  K  for  low  (3-5)%  volume  frac¬ 
tion  additions  (but  decreased  linearly  with  increasing  volume 
fraction  additions  >5%  [7],  [11]).  Transition  onsets  for  Ce02 
multilayers  (~89  K)  did  not  show  any  decrease  compared  to 
123-only  films  deposited  on  Ce02  buffer  layers,  with  Tc  onsets 
~(89-90)K  which  were  repeatedly  measured.  This  is  consistent 
with  the  hypothesis  that  smaller  lattice  mismatched  materials 
would  exert  less  stress  on  the  superconductor,  and  have  less  ef¬ 
fect  on  Tc  onsets. 

A  consistent  trend  in  Fig.  2  is  that  the  Tc  transitions  for  high 
lattice  mismatch  materials  (MgO  and  Fa21 1)  were  quite  broad, 
with  the  loss  transition  not  finished  at  77  K.  Films  with  super¬ 
conducting  transitions  this  wide  always  have  very  low  JcS  at  77 
K  ranging  anywhere  from  100  A/cm^  to  10^  A/cm^,  from  our 
experience.  MgO  also  showed  a  second  phase  transition  at  tem¬ 
perature  <70  K,  indicating  the  film  quality  has  been  degraded. 

The  effect  of  nanosize  additions  on  Jc(H)  properties  are 
shown  in  Fig.  3.  The  Jc(H)  curves  were  representative  of  the 
highest  measured  thus  far  by  optimizing  the  layer  thickness 
parameters.  Y211  and  Y2O3  have  consistently  higher  Jc(H) 
curves  compared  to  123  at  both  65  K  and  77  K.  The  other 
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Fig.  3.  Magnetic  critical  current  density  (Jem)  as  a  function  of 
applied  field  for  (X/123)  x  N  multilayer  films  at  77  K  (upper): 
(Y211o.8  nm/l23i4.5  nm)  X  13/LAO,  ( Y2O3  o.3  nm/ 1  2347  nm)  X 
6/STO,  (CeO2,0.2nm/123i2.8nm)  X  25/STO  from  [10], 
(La211i.7  nm/l23i7.7  nm)  X  15/LAO,  (MgO q  g  ^^j^/ 1  2 3 20 .4  nm)  X 
19/STO,  and  123/LAO  and  123/STO,  and  at  65  K  (lower)  same  samples 
except  films  with  slightly  different  parameters  forX  =  Y211,Y203  and 
Ce02:  (Y2II1.0  nm/12321.9  nm)  X  13/LAO,  (Y203,o.3  nm/l2386  nm)  X 
3/STO),  and  (Ce02,o.3  nm/123i4.8  nm)  X  25/STO  from  [10]. 

pinning  materials  however  exhibit  varied  pinning  behaviors, 
especially  comparing  65  K  to  77  K.  Also  noteworthy  is  how 
123/LAO  has  better  properties  than  123/STO  at  77  K,  but  the 
order  is  reversed  at  65  K. 

IV.  Discussions  and  Conclusions 

For  the  (X/123)  X  N  multilayers  systems  tested  in  this  paper, 
only  X  =  Y2O3  and  Y211  provided  measurable  increases  of 
Jc(H)  at  both  65  K  and  77  K.  Whether  it  is  coincidental  or  not, 
both  of  these  materials  are  known  to  be  chemically  nonreac¬ 
tive  with  123  in  thin  film  form;  and  Y211  is  chemically  stable 
in  phase  equilibria  studies.  As  we  suggested  in  an  earlier  pub¬ 
lication,  it  is  possible  the  requirement  for  chemical  stability  is 
especially  important  for  the  <10  nm  size  nanoparticle  disper¬ 
sions,  as  the  particle  size  is  so  small  that  even  slow-acting  re¬ 
actions  might  occur  [7].  With  chemical  reaction,  the  supercon¬ 


ducting/insulator  interface  is  presumably  not  as  sharp,  which 
can  also  decrease  the  pinning  strength  of  the  defect  [4].  Also 
with  chemical  reaction,  the  transition  temperatures  might  be  dis¬ 
turbed  locally  quite  beyond  the  defect,  increasing  the  supercon¬ 
ducting  volume  fraction  of  insulating  phase  too  high  to  allow 
supercurrent  flow.  The  effect  on  Tc  must  be  especially  consid¬ 
ered  for  reactive  materials. 

Another  important  factor  for  pinning  is  the  lattice  constant 
mismatch,  as  demonstrated  for  Ce02  additions.  Because  of  the 
very  large  surface  coverage  for  a  small  ‘pseudo-layer’  thickness, 
the  Jc(F7)  properties  of  Ce02  multilayers  were  progressively 
increasing  as  the  Ce02  layer  coverage  was  decreased  further 
[10].  It  is  believed  the  limit  for  reducing  the  Ce02  ‘pseudo¬ 
layer’  thickness  was  not  reached  yet  for  these  studies. 

For  La211  and  MgO  additions,  it  appears  that  chemical  re¬ 
actions  were  occurring  which  prevented  pinning  improvements 
at  77  K.  However  interestingly  Jc(77)  at  65  K  was  increased 
for  La211  for  limited  ranges  of  H.  The  lattice  mismatches  for 
La21 1  and  MgO  were  also  very  large  which  could  have  caused 
unknown  complications  for  pinning. 
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